Morphological innovations like the acquisition of the neural crest as well as gene family expansions by genome duplication are considered as major leaps in the evolution of the vertebrate lineage. Using comparative genomic analyses, we have reconstructed the evolutionary history of the endothelin system, a signaling pathway consisting of endothelin ligands and their G protein-coupled receptors. The endothelin system plays a key role in cardiovascular regulation as well as in the development of diverse neural crest derivatives like pigment cells and craniofacial bone structures, which are hot spots of diversity in vertebrates. However, little is known about the origin and evolution of the endothelin system in the vertebrate lineage.
Introduction
The evolution of vertebrates from an invertebrate protochordate is one of the major transitions in the animal kingdom. This transition was accompanied with fundamental changes in both anatomy and genome structure. At the morphological level, neural crest cells, placodes, a complex brain, and the endoskeleton are key innovations of the vertebrate bauplan (Gans and Northcutt 1983; Hall 1999a; Shimeld and Holland 2000) . Furthermore, early vertebrates have passed through a period of miRNA innovation (Heimberg et al. 2008 ) and massive genome rearrangements (Hufton et al. 2008) followed by several rounds of whole-genome duplications (WGDs) resulting in a substantial expansion of their gene repertoire (Ohno 1970; Dehal and Boore 2005; Panopoulou and Poustka 2005; Putnam et al. 2008) .
The first round of WGD (1R) occurred concomitantly with the rise of vertebrates (Panopoulou and Poustka 2005) . The timing of the second round (2R) remains controversial and might have occurred in a common ancestor of agnathans (lamprey and hagfish) and gnathostomes (Kuraku et al. 2009 ) or later in the gnathostome lineage after the split from agnathans (Panopoulou and Poustka 2005) . A third round, the fish-specific genome duplication (FSGD), has occurred within ray-finned fishes at the base of the teleost lineage (Meyer and Van de Peer 2005) . WGDs become evident by the presence of so-called paralogons, that is, chromosomal blocks of duplicated genes showing conserved synteny within a genome. Paralogons have been used to reconstruct ancestral vertebrate karyotypes such as the pre-1R/2R (Nakatani et al. 2007; Putnam et al. 2008 ) and pre-FSGD protochromosomes (Jaillon et al. 2004; Woods et al. 2005; Kasahara et al. 2007 ).
Of particular importance for the evolutionary success of the vertebrate lineage was the acquisition of the neural crest and its derivates (Gans and Northcutt 1983; Hall 1999a; Donoghue et al. 2008) . The neural crest is a multipotent stem-cell population that originates in the ectoderm at the neural plate border, the region at the junction of the neural plate and the prospective epidermis. After closure of the neural tube, neural crest cells delaminate and migrate to diverse regions of the embryo, where they give rise to around 50 different cell types as diverse as pigment cells, craniofacial skeleton, or enteric neurons (LaBonne and Bronner-Fraser 1998; Le Douarin and Kalcheim 1999; Vickaryous and Hall 2006) . Neural crest-derived structures are important for many vertebrate-specific features like jaw-based predation (Gans and Northcutt 1983; Donoghue et al. 2008) .
The neural crest is absent from the most basal living group of chordates, the cephalochordates (Putnam et al. 2008; Yu et al. 2008 ). In contrast, migratory ''neural crest-like'' cells that develop into pigment cells have been found recently in urochordates, the sister clade of vertebrates (Jeffery et al. 2004; Jeffery 2006) . A bona fide neural crest, however, is a synapomorphy of vertebrates including lampreys Sauka-Spengler and Bronner-Fraser 2008) .
Several models have been proposed to explain the emergence of the neural crest in vertebrates and its evolutionary origin is matter of an ongoing debate (reviewed in Donoghue et al. 2008) . Importantly, these models are not mutually exclusive but put emphasis on different aspects of neural crest evolution at the molecular level. According to the ''gene regulatory co-option model,'' the origin of the neural crest is based on the recruitment of neural crest specifier genes into a pre-existing gene regulatory network at the neural plate border Bronner-Fraser 2004, 2005; Yu et al. 2008) . The ''genome duplication model'' underlines the importance of the two WGDs early in the vertebrate lineage (1R, 2R) for providing the genetic raw material necessary for the evolution of the neural crest and its derivatives (Ohno 1970; Holland et al. 1994; Shimeld and Holland 2000; Wada 2001; Wada and Makabe 2006) . Finally, the ''new genes model'' proposes that the evolution of the neural crest has been relying on the emergence of genes de novo in the vertebrate lineage, particularly signaling molecules (Martinez-Morales et al. 2007) .
To further dissect the molecular basis of neural crest evolution and to differentiate between ancestral states and evolutionary novelties, it is necessary to reconstruct the emergence and evolution of key components in the neural crest regulatory network. Using comparative genomic analyses, we have reconstructed the evolutionary history of the endothelin system.
The endothelin system consists of G protein-coupled endothelin receptors (Ednr) that are activated by endothelin (Edn) signaling peptides. Edn peptides consist of 21 amino acids cleaved progressively from larger precursor proteins by furin and endothelin-converting enzymes (Masaki 2004) . A large body of research and literature is available on the involvement of the endothelin in blood-pressure regulation and cancer development (reviewed in Masaki 2004; Bagnato and Rosano 2008) . Furthermore, the endothelin system plays a major role in the determination, migration, proliferation, survival, and differentiation of neural crest cells and their derivatives (reviewed in Pla and Larue 2003) . Disruption of endothelin signaling at the level of endothelin ligands and their converting enzymes, the endothelin receptors, their associated G proteins, or further downstream targets leads to malformations of neural crest derivatives such as craniofacial cartilage, enteric neurons, and pigment cells Miller et al. 2000; Pla and Larue 2003; Van Raamsdonk et al. 2004; Dettlaff-Swiercz et al. 2005; Walker et al. 2006; Walker et al. 2007 ). However, despite its important functions in vertebrate physiology and development, relatively little is known about the evolution of the endothelin system in chordates. Particularly, it remains unclear 1) when and from which pre-existing system the endothelin system emerged, 2) whether the expansion of the endothelin system is based on vertebrate genome duplications or more local duplication events, 3) how it has evolved in the different vertebrate lineages, and 4) whether expanding ligand and receptor repertoires have coevolved. We show that the endothelin system newly emerged in vertebrates before the divergence of gnathostomes and lampreys and that it was expanded by three rounds of WGD, each followed by functional divergence that has contributed to the diversity of neural crest derivatives found in vertebrates.
Materials and Methods

Sequence Database Surveys
Nucleotide sequences of preproendothelin and endothelin receptor genes were identified using Blast searches against GenBank (nr and expressed sequence tag databases; www.ncbi.nlm.nih.gov/blast/Blast.cgi), the current Ensembl genome assemblies (www.ensembl.org; version 50, July 2008) of human (Homo sapiens), mouse (Mus musculus), opossum (Monodelphis domestica), platypus (Ornithorhynchus anatinus), chicken (Gallus gallus), anole lizard (Anolis carolinensis), frog (Xenopus tropicalis), zebrafish (Danio rerio), medaka (Oryzias latipes), spotted green pufferfish (Tetraodon nigroviridis), torafugu (Fugu rubripes), and stickleback (Gasterosteus aculeatus). Usually, human sequences were used as initial queries. For some genes, coding sequences were annotated manually from genome assemblies based on ESTs and sequence homology to other species. The preliminary genome assemblies of sea lamprey (Petromyzon marinus; www.pre.ensembl.org) and elephant shark (Callorhinchus milii; http://esharkgenome. imcb.a-star.edu.sg/) as well as EST sequences from agnathans and cartilaginous fishes were included in our study, but were insufficient for in-depth analyses. We also analyzed genomes from invertebrate species (sea squirt, Ciona intestinalis; amphioxus, Branchiostoma floridae; sea urchin, Strongylocentrotus purpuratus; fruitfly, Drosophila melanogaster; and nematode, Caenorhabditis elegans) at GenBank, Ensembl and JGI (www.jgi.doe.gov/).
Sequence Alignments and Phylogenetic Reconstructions
Nucleotide sequences obtained from Blast searches were loaded into BioEdit (Hall 1999b) , translated into proteins, and aligned using ClustalW (Thompson et al. 1994) . Alignments were carefully checked, and ambiguously aligned regions were removed before phylogeny analyses, leaving ;30% and ;73% of Edn and Ednr coding regions, respectively, for phylogenetic analyses. Protein and nucleotide maximum likelihood (ML) phylogenies were computed with PHYML (Guindon et al. 2005 ) with 100 bootstrap replicates. Models of protein evolution and parameter values were determined with ProtTest (Abascal et al. 2005) . Nucleotide phylogenies were performed using the general time reversible (GTR) þ I þ G model. MEGA4 (Tamura et al. 2007 ) was used to obtain Neighbor-Joining bootstrap values of 10,000 replicates and to draw phylogenies.
Synteny Analyses
To establish syntenic relationships between vertebrate genomes within the chromosomal regions of interest, we used the Reciprocal Blast Hit method as described in Braasch et al. (2007) and made use of information provided by Ensembl Ortholog Predictions. For gene families that were identified to be part of endothelin paralogons (phosphatase and actin regulator, Phactr; human immunodeficiency virus type I enhancer binding protein, Hivep) or 784 Braasch et al. endothelin receptor paralogons (Spry, Brn3, and Slain), we reconstructed their phylogenies as described above.
Functional Divergence Analyses
Functional divergence of endothelin receptors after duplication was analyzed using the ML approach (Gu 1999 (Gu , 2001 ). Aligned full-length Ednr protein sequences were loaded into DIVERGE 2.0 (http://xgu.zool.iastate. edu/) and clustered using the NJ Tree-Making option. Coefficients of type I and of type II functional divergence (h I , h II ) and site-specific profiles of posterior ratio for functional divergence were determined (Zheng et al. 2007) . Cutoff values were determined by removing residues with descending posterior ratios until h . 0 was no longer significant. Residues above the cutoff were mapped onto the 2D structure of the human EDNRB1 protein obtained from the database of G protein-coupled receptors (GPCRDB; http:// www.gpcr.org/7tm/).
Results and Discussion
Previous studies have failed to identify components of the endothelin core system outside vertebrates (Hyndman and Evans 2007; Martinez-Morales et al. 2007) . In contrast, genes encoding the G proteins associated with endothelin receptors as well as the endothelin-converting enzymes (Ece) predate the vertebrate lineage (Zhang et al. 2001; Hyndman and Evans 2007; Zheng et al. 2007; Bland et al. 2008) . Outside vertebrates, Ece proteins might function as more general peptidases (Hyndman and Evans 2007) . The present study therefore focuses on the evolutionary history of the endothelin core system, particularly in view of three rounds of genome duplication in the vertebrate lineage. Genomic locations of endothelin ligands and receptors are given in table 1, accession numbers in supplementary table 1, Supplementary Material Online.
Evolution of Endothelin Ligands Emergence and Expansion of the Endothelin Family in Vertebrates
Preproendothelin genes have not been found so far in lineages basal to tetrapods and teleost fishes (Hyndman and Evans 2007; Martinez-Morales et al. 2007 ). Consistently, we were not able to identify any preproendothelin gene in the genome assemblies of Ciona (urochordates), the cephalochordate amphioxus, or more distantly related invertebrates. Moreover, no endothelin domain was found in these genomes using pattern-hit initiated Blast (PHI-Blast) searches (Zhang et al. 1998 ) with a pattern derived from endothelin
In contrast, multiple endothelin domains were found here for the first time in lamprey (supplementary table 2, Supplementary Material online). An unambiguous phylogenetic assignment to the different endothelin groups of these short sequences from the preliminary genome assembly, however, was not possible. The presence of endothelins in lamprey suggests that endothelins are a vertebrate innovation that arose after the divergence from protochordates but before the appearance of gnathostomes. Alternatively, endothelin genes may be present in invertebrate genomes but are too divergent to be identified by the methods used here.
The three known preproendothelin genes-Edn1, Edn2, and Edn3 (Masaki 2004 )-were found in all tetrapod genomes. Partial sequences of at least three different endothelins were also found in shark (Edn1, Edn2, and Edn3; supplementary table 2, Supplementary Material online) but were too short for further analyses. In teleost fish, an expansion of the endothelin family was found, with five genes in medaka and pufferfishes and six genes in zebrafish and stickleback (table 1).
Sequence conservation among preproendothelin genes is mainly restricted to the ''big endothelin'' region (containing the endothelin peptide) and the ''endothelin-like'' domain (Arinami et al. 1991) . Because the remaining parts of the preproendothelin genes are highly divergent, they could not be aligned unambiguously and were difficult to predict from genomic DNA sequence in the absence of EST sequence data using orthologous protein sequences from related species. Thus, a nucleotide phylogeny of preproendothelin genes was reconstructed using 195 bp of the big endothelin domain (144 bp) and the endothelin-like domain (51 bp).
The endothelin phylogeny ( fig. 1 ) provides evidence for the presence of four gene family members in bony vertebrates. In addition to the three known family members, 
Evolution of the Endothelin Signaling System 785 a fourth endothelin gene, designated Edn4, was found exclusively in teleost genomes. Additionally, two coorthologous copies of Edn2, termed edn2a and edn2b, as well as of Edn3, edn3a, and edn3b, were identified in teleosts. For each teleost endothelin gene, mRNA or EST sequences from at least one species were found (supplementary table 1A, Supplementary Material online), showing that all six teleost endothelin genes are actually transcribed and most likely functional. Because of the absence of invertebrate outgroup sequences, rooting of the endothelin phylogeny was not possible. Thus, relationships of the four vertebrate Edn genes only became apparent using synteny analyses (figs. 2 and 3). Particularly, it was possible that the Edn4 gene is a fishspecific paralog of Edn1 derived from the FSGD. However, the human EDN1 region (Hsa6p24) shows conserved synteny to a single edn1 region in teleost genomes. Furthermore, no synteny was observed with the teleost edn4 region ( fig. 2A and B) . A second region syntenic to the teleost edn4 paralogon was also identified within teleost genomes (though not containing a second edn4 gene) ( fig. 2B ). These regions are derived from a common protochromosome (Kasahara et al. 2007 ) and were duplicated during the FSGD. The location of the second paralogon on a different chromosome than teleost edn1 is further evidence that teleost edn1 and edn4 are not FSGD duplicates. Furthermore, the tree topology ( fig. 1 ) as well as synteny data (figs. 2 and 3) exclude that edn4 is a fish-specific duplicate of either edn2 or edn3.
In conclusion, the endothelin family emerged most likely in vertebrates and is larger than previously thought. Particularly in teleost fishes, a new endothelin family member Edn4 is found, which seems to have already been present in the last common ancestor of all gnathostomes.
Evolution of the Vertebrate Endothelin Repertoire by Three Rounds of Genome Duplication
If the four preproendothelin genes in gnathostomes were the result of the two rounds of genome duplication in early vertebrates, further gene families within endothelin paralogons should have undergone 2-fold duplication as well. Indeed, the endothelin paralogons generally contain members of the Hivep and Phactr gene families (figs. 2 and 3). They have single orthologs in invertebrate genomes but four (Phactr) and three members (Hivep) in human and chicken (supplementary table 3A, Supplementary Material online). We used their phylogenies to clarify the relationships of the Edn paralogons (supplementary fig. 1 , Supplementary Material Online). Consistently, both gene families show the same topology ((Edn1, Edn3),(Edn2, Edn4)). Such topology would be expected for gene families duplicated during the 1R and 2R genome duplications. Furthermore, the chromosomal segments carrying the four endothelin paralogons in human (Hsa6p24, Hsa20q13, Hsa1p34, and Hsa6q24) were shown to be derived from the same ancestral, pre-1R/2R protochromosome (Putnam et al. 2008) . Thus, the presence of four endothelin genes in gnathostomes is indeed the result of the two vertebrate genome duplications.
The endothelin phylogeny further suggests that duplicated edn2 and edn3 genes in teleosts were the result of the FSGD ( fig. 1 ), which is also supported by synteny data. The human EDN2 region (Hsa1p34) shows double-conserved synteny to two different chromosomal regions in teleost genomes, each of them harboring an edn2 duplicate ( fig. 3A ). These teleost chromosomes have been shown to be derived from a common pre-FSGD protochromosome (Kasahara et al. 2007) . A similar observation was made for human EDN3 (Hsa20q13), which shows double-conserved synteny to two teleost chromosomes ( fig. 3B ), all derived from another common protochromosome and duplicated in the course of the FSGD (Kasahara et al. 2007 ).
We propose the following model for the evolution of endothelin genes in vertebrates ( fig. 4) : The ancestral endothelin gene newly appeared in an ancestral vertebrate as part of a paralogon including the Hivep and Phactr genes. This paralogon was then doubled twice during the 1R and 2R genome duplications leading to four endothelin genes in gnathostomes. In the lineage leading to tetrapods, Edn4 was lost. In teleost fishes, on the other hand, eight The teleost edn4 region (A-paralogon) is syntenic to two chromosomal regions in chicken as well as to another region within teleost genomes (Bparalogon). A-and B-paralogons are derived from a common protochromosome that was duplicated in the FSGD. Hivep and Phactr genes (gray) establish conserved synteny among vertebrate Edn regions. Interjacent genes that do not contribute to conserved synteny are not shown. (C) Teleost Edn4 peptide. The conserved sequence from medaka, stickleback, and pufferfishes is shown. Residues 6, 12, and 13 differ in zebrafish. Three Edn4-specific amino acid substitutions are found in the C-terminal tail compared with vertebrate Edn1-3 peptides, which are invariant in this region.
Evolution of the Endothelin Signaling System 787 endothelin paralogons were generated by the FSGD, followed by loss of one copy of edn1 and edn4 so that up to six endothelins are present in teleosts. Differential loss of endothelin duplicates has occurred during the teleost radiation because medaka has lost edn2b and pufferfishes edn3a. Such divergent resolution can be an important mechanism leading to speciation (Volff 2005 and references therein).
In conclusion, the evolution of the endothelin family supports both, the new genes model as well as the genome duplication model of neural crest evolution.
Sequence Analysis of the Teleost Edn4 Protein
The genomic organization of the newly identified teleost edn4 gene is conserved with that of other vertebrate Edn genes (supplementary fig. 2 , Supplementary Material online) showing that it is a genuine Edn gene. However, the putative Edn4 protein shows important structural differences to all other known vertebrates endothelins ( fig. 2C ). Edn4 proteins of acanthomorphs (medaka, pufferfishes, and stickleback) are invariant but have three amino acid (AA) substitutions compared with the zebrafish protein. Among all vertebrate Edn proteins, four AA were found to be invariable, including four cysteine residues (supplementary fig. 2 , Supplementary Material online). The Cterminal tail is generally invariant among vertebrate Edn1-3 proteins. Edn4, in contrast, differs at three AA sites to all other vertebrate Edns in this part ( fig. 2C ). Biochemical studies are needed to determine whether Edn4 is binding to endothelin receptors. Importantly, divergence from the known endothelin C-terminus does not preclude endothelin receptor binding: The endothelin-derived snake venoms of the sarafotoxin family also differ from Edn1-3 in the C-terminal tail and still bind to endothelin receptors (Sokolovsky 1992; Ducancel 2005; Fry 2005 ).
Evolution of Endothelin Receptors Emergence of Endothelin Receptors in Early Vertebrates
Endothelin receptors have not been identified outside bony vertebrates so far (Hyndman and Evans 2007) . Endothelin receptors are distantly related to the G protein-coupled receptor 37 (Gpr37) family, also present in amphioxus, and the Brs3 (Bombesin-like receptor 3) GPCR family, also present in amphioxus and more distantly related invertebrates ( fig. 5A) (Parichy et al. 2000; Nordstrom et al. 2008) .
Our surveys of invertebrate genomes generally did not reveal any Ednr sequences except for two putative genes from amphioxus. These sequences lack orthologs in Ciona or other invertebrates and group with vertebrate Ednr protein with comparatively low bootstrap support ( fig. 5A ) (Nordstrom et al. 2008) . Therefore, it remains unclear whether these ''Ednr-like'' genes in amphioxus and the vertebrate Ednr genes are descendants of a common Ednr gene of chordates (that then would have been lost secondarily in urochordates) or whether they might be derived from independent duplications of ancestral GPRC genes. There is so far no evidence for conserved synteny between the Ednrrelated gene regions and the vertebrate Ednr regions (supplementary table 3B, Supplementary Material online), but this cannot be definitively excluded due to the fragmentary character of the current amphioxus genome draft. However, because the ligand-binding domains of vertebrate Ednr proteins and of the putative amphioxus Ednr-like proteins are divergent (supplementary fig. 3 , Supplementary Material online), a bona fide receptor for endothelin ligands seems to be indeed a vertebrate innovation.
For lamprey, short partial sequences from both EdnrA and EdnrB genes were found in the preliminary genome assembly (supplementary table 2, Supplementary Material online) showing that the emergence of endothelin core system (ligand plus receptor) is as old as the vertebrate lineage itself. Therefore, the endothelin core system appeared around the same time as the bona fide neural crest in vertebrate evolution, supporting the ''new genes hypothesis'' of neural crest origin (Martinez-Morales et al. 2007 ). Similarly, other signaling pathways involved in neural crest development with peptide ligands and G protein-coupled receptors emerged at first in vertebrates such as the melanocortin system (Selz et al. 2007) .
Two endothelin receptor genes, EdnrA and EdnrB, have been found in mammals so far (Arai et al. 1990; Sakurai et al. 1990) . A third gene reported to encode an amphibian-specific receptor, ETc, is present in Xenopus (Karne et al. 1993) . EdnrB2 found in birds was reported to be an avian-specific paralog of EdnrB1 (Lecoin et al. 1998) . In the present study, we identified two (opossum and placental mammals); three (frog, lizard, chicken, and platypus); five (zebrafish); or six (medaka, stickleback, and pufferfish) Ednr genes. Genomic locations are given in table 2, accession numbers in supplementary table 1B, Supplementary Material online.
The phylogeny of vertebrate Ednr proteins in shown in figure 5B . An outgroup was not included because rooting with the amphioxus Ednr-like sequences as well as Gpr37 or Brs3 family members gave conflicting tree topologies with low bootstrap supports ( fig. 5A and data not shown). Three clades of Ednr genes are present in bony vertebrates: EdnrA, EdnrB, and a third clade containing ETc from frog and EdnrB2 from chicken. Partial, nonoverlapping sequences of each of the three Ednr genes were also found in cartilaginous fishes (supplementary table 2, Supplementary Material online), but were too short for further analyses.
This shows that at least three different Ednr genes were present in the ancestor of gnathostomes. In teleost fishes, the Ednr gene family is further expanded by the presence of two copies of ednrA as well as of ednrB1.
Orthology of Vertebrate EdnrB2 Genes
Our results show that frog ETc and chicken EdnrB2 are orthologous. Neither is ETc amphibian-nor is EdnrB2 avian specific. The ETc/EdnrB2 gene (which will be termed EdnrB2 in the following) is present in all gnathostome groups including monotreme mammals (platypus). Extensive conserved synteny can be found between the EdnrB2 regions in the genomes of Xenopus, chicken ( fig. 6A ) and lizard (not shown). In teleosts, genes of this ancestral chromosomal block have been distributed to two chromosomes ( fig. 6A ), for example, on Ola10 and Ola14 in medaka and Dre14 and Dre21 in zebrafish, which are derived from a common protochromosome by duplication during the FSGD (Kasahara et al. 2007 ). There is no evidence for the presence of a second copy of ednrB2 in any of the teleost genomes under investigation. This gene duplicate was most likely lost before the split of the lineages of zebrafish and acanthomorphs (medaka, stickleback, and pufferfishes). The remaining ednrB2 gene has been lost subsequently in the lineage leading to zebrafish or is present but missing from the current genome assembly.
In mammals, EdnrB2 is present in monotremes (platypus), but absent from therians (marsupials and placentals). The EdnrB2 region in platypus is highly syntenic to those of other, nontherian vertebrates ( fig. 6A ). Interestingly, this genomic region also shares conserved synteny with parts of the therian sex chromosomes. In the opossum (marsupials), at least six of the EdnrB2-neighboring genes in chicken are found in the same order on the X chromosome. In placentals, as exemplified by the human genome, these genes are found in the telomeric region of the X chromosome (Xq28) with two genes, SYBL1 and SPRY3 being part of the pseudoautosomal region 2 (PAR2) on the Y chromosome (Yq12). The sex chromosomes of marsupials and placentals share a common evolutionary origin (Veyrunes et al. 2008) . Our data suggest that the EdnrB2 gene had been maintained in the mammalian lineage until the split of monotremes and therians. EdnrB2 has then been lost in the therian lineage Evolution of the Endothelin Signaling System 791 before the split of marsupials and placentals concomitantly with the rise of the therian sex chromosomes (Veyrunes et al. 2008) . Given that the endothelin system is involved in tumor formation (Bagnato and Rosano 2008) , the disappearance of EdnrB2 fits the observed depletion of cancer-related genes from the therian X chromosome (Graves et al. 2002) . Our data also shed new light on the evolutionary origin of the PAR2 gene content in human, which consists of four genes. It has been previously suggested that SPRY3 has been added to the eutherian (placental) sex chromosomes after the divergence from marsupials (Charchar et al. 2003) . In contrast, we show here that Spry3 is an ancient component of the EdnrB2 paralogon ( fig. 6A ) dating back at least to the split of teleosts and tetrapods. Thus, Spry3 was already present on the therian sex chromosomes before the split of marsupials and placentals, just as Sybl1.
Evolution of the Endothelin Receptor Family by Vertebrate Genome Duplications
Establishing the relationships of Ednr paralogons using the Ednr phylogeny was not possible because of the lack of suitable outgroup sequences. However, endothelin receptor genes are linked to members of three other gene families: Spry, Brn3, and Slain, for example, in the genomes of human, chicken, and teleosts ( fig. 6 ; supplementary table 3B, Supplementary Material online). We reconstructed the phylogenies of these gene families (supplementary fig. 4A -C, Supplementary Material online), but their phylogenies were not consistent with each other. The Spry phylogeny suggests a ((EdnrA, EdnrB1), EdnrB2) topology, the Brn3 phylogeny favors a (EdnrA, (Edrnb1, EdnrB2)) topology, and the Slain tree a ((EdnrA, EdnrB2), EdnrB1) Chicken EdnrB2 and frog ETc regions are syntenic to two regions in the genomes of zebrafish and medaka. EdnrB2 is not detected in zebrafish. EdnrB2 is also present in platypus. In therian mammals (opossum and human), the syntenic regions devoid of EdnrB2 orthologs are found on the sex chromosomes including the PAR2 in humans. (B) The EdnrA and (C) the EdnrB1 regions show double-conserved synteny between a single human chromosome and two teleost-specific paralogons. Spry3, Brn3d, and Slain1b genes (gray) establish conserved synteny among vertebrate Ednr regions. Interjacent genes that do not contribute to conserved synteny are not shown.
792 Braasch et al. topology. Conflicting tree topologies of paralogon members have been found for other genomic regions in vertebrates (e.g., Abbasi and Grzeschik 2007) , and may be caused by different rates of molecular evolution.
Importantly, the Ednr paralogons are also linked to the ParaHox paralogons consisting of the Parahox gene cluster and adjacent receptor tyrosine kinase genes (RTK) (Ferrier et al. 2005; Siegel et al. 2007) : EdnrA is linked to ParaHox C, EdnrB1 to ParaHox A, and EdnrB2 to ParaHox B. The evolution of the four vertebrate ParaHox paralogons as result of the two rounds of vertebrate genome duplication is well established (Ferrier et al. 2005; Siegel et al. 2007 ). This strongly supports the (EdnrA, (Edrnb1, EdnrB2)) topology of Ednr paralogons (supplementary fig. 4D , Supplementary Material online) and their duplication during 1R and 2R genome duplications.
In the five teleost genomes, ednrA and ednrB are present in two copies ( fig. 5B ). The duplication of ednrA has been previously reported for zebrafish and fugu (Nair et al. 2007 ). In addition, we have found two paralogs also in the genomes of medaka, stickleback, and Tetraodon. The topology of the Ednr phylogeny ( fig. 5B ) is consistent with the duplication of ednrA during the course of the FSGD. Furthermore, we have identified double-conserved synteny between Hsa4 containing EDNRA and two ednrA paralogons in teleost genomes ( fig. 6B ), which are again derived from a same protochromosome as result of the FSGD (Kasahara et al. 2007 ).
Double-conserved synteny can also be found between the human EDNRB1 region on Hsa13 and Dre1 and Dre9 ( fig. 6C ), which have been previously shown to contain several paralogous gene pairs (Woods et al. 2005) . In medaka and pufferfish, the ednrB1b paralogon has been well conserved, whereas the members of the ednrB1a paralogon have been distributed among three different chromosomes ( fig. 6C ). Thus, although data are less obvious, we consider the FSGD to be the most likely explanation for the presence of two ednrB1b genes in teleosts.
A model for the evolution of the endothelin paralogons is shown in figure 7A . In the Ciona genome, orthologs of Spry and Brn3 as well as one part of the ParaHox cluster are found on chromosome 2q, whereas Slain and another part of the ParaHox cluster are found on chromosome 14 (supplementary table 3, Supplementary Material online). In amphioxus, the ParaHox cluster is intact (Ferrier et al. 2005) . Thus, it appears that in the last common ancestor of Ciona and vertebrates, a chromosomal block containing Spry, Brn3, Slain, and the ParaHox cluster was present ( fig. 7A ). In the Ciona lineage, the Slain gene as well as a part of the ParaHox cluster were then translocated to another chromosome. In the early vertebrate, in contrast, the chromosomal block had stayed intact and the newly arising Ednr gene was added to it. Furthermore, the ParaHox paralogon was expanded with RTK genes. Importantly, among these was the precursor of the Kit/Csf1r and Pdgfr type III RTK genes, which are important regulators for the migration and survival of neural crest derivatives like pigment cells, craniofacial cartilage, and others (reviewed in Hoch and Soriano 2003; Braasch et al. 2008) . Type III RTKs as well as some of their ligands (e.g., the Kit ligand) have been shown to be vertebrate-specific as well (Grassot et al. 2006; Martinez-Morales et al. 2007; D'Aniello et al. 2008; Yu et al. 2008) . Thus, it appears that a new chromosomal block was built in the very early vertebrate, from which many important neural crest genes are derived. Presumably, these singleton genes were already involved in the development of a basal type of neural crest in an early vertebrate ancestor.
The Ednr-ParaHox paralogon was then duplicated during 1R giving rise to EdnrA and EdnrB. After 2R, both copies of EdnrB were kept, whereas one of the two EdnrA genes was lost. In teleosts, the ednr paralogons were further doubled by the FSGD. The Ednr family therefore further supports the importance of genome duplications for the evolution of the neural crest. Only the second copy of ednrB2 was lost before the teleost radiation, so that up to five ednr genes are found in teleosts. Therefore, the Ednr family supports the earlier notion that GPCRs are preferentially retained after WGD (Semyonov et al. 2008) . In therian mammals, finally, EdnrB2 was lost in the course of sex chromosome evolution.
Functional Divergence of Endothelin Receptors by Changes in Ligand-Binding Domains
Generally, each endothelin receptor can bind all endothelin ligands but with different affinities. Mammalian EdnrA has higher affinity to Edn1 and Edn2 than to Edn3 (Masaki 2004) . Mammalian EdnrB1 and avian EdnrB2 have similar affinities to all three ligands (Lecoin et al. 1998; Masaki 2004) , whereas frog EdnrB2 (ETc) binds preferentially Edn3 (Karne et al. 1993) . However, these known affinities describe only a subset of possible interactions between endothelins and their receptors in vertebrates. The present study suggests that in tetrapods (except therians), nine (three ligands, three receptors) and in teleost fishes even 30 (six ligands, five receptors) different binding interactions are theoretically possible. Biochemical studies will be necessary to characterize the entirety of ligand-receptor interactions in the vertebrate endothelin system.
Given that the vertebrate endothelin receptor repertoire and that of its ligands has expanded concertedly, we were interested to pinpoint important functional changes in the receptors after each round of whole-genome duplication (1R, 2R, FSGD). To this end, functional divergence of type I (FD I ), that is, shift of evolutionary rates, and of type II (FD II ), that is, radical change in amino acid property, were determined using DIVERGE (Gu and Vander Velden 2002) . We compared clades originating in the three round of genome duplication, that is, EdnrA versus EdnrB (1R), EdnrB1 versus EdnrB2 (2R), as well as EdnrAa versus EdnrAb and EdnrB1a versus EdnrB1b (FSGD). A coefficient of functional divergence (h) significantly larger than 0 indicates functional divergence between two clades. A chromosomal block containing Spry, Brn3, Slain, and the ParaHox cluster present in an ancestral chordate was expanded in an ancestral vertebrate with the newly arising Ednr and type III RTK genes. After two rounds of genome duplication (1R, 2R), four Ednr paralogons were present in gnathostomes. The Ednr repertoire of a typical bony vertebrate after the loss of the second EdnrA gene is best illustrated by the chicken genome. The presence of two Ednr paralogons on chicken chr4 is due to a chromosome fusion in Galliformes (Guttenbach et al. 2003) . In the teleost lineage, after FSGD and subsequent gene losses, eight Ednr paralogons with six ednr genes are found. In therian mammals, degeneration of the fourth Ednr paralogon including the loss of EdnrB2 occurred during the evolution of sex chromosomes (XY). (B) Structural distribution of functional divergence among endothelin receptors. Important sites for type I functional divergence (FD I sites) after genome duplications mapped onto the human EDNRB1 receptor. Functional divergence after 1R (EdnrA vs. EdnrB; green) are mainly found from transmembrane domain (TM) II to III including the first extracellular loop, in the vicinity of Lys-161 (red), which is highly important for ligand binding. The first extracellular loop in EdnrA has an insertion of five amino acids (AA). Functional divergence after 2R (EdnrB1 vs. EdnrB2; yellow) and FSGD (ednrB1a vs. ednrB1b; blue) accumulate in the second extracellular loop and the adjacent TMs IV and V. The N-terminal 26 AAs constitute the cleaved peptide signal.
(FD I sites) were determined from site-specific profiles (supplementary fig. 5 , Supplementary Material online) and mapped onto the structure of human EDNRB1 ( fig. 7B ).
Ligand binding of Ednr receptors mainly occurs at the extracellular sides of transmembrane domains (TM) and the extracellular loops, whereas interaction with G protein takes place at the intracellular loops (Masaki et al. 1999; Orry and Wallace 2000) . FD I sites for all three genome duplications are mainly found in ligand-binding domains and not in G protein interaction domains consistent with predominant changes in ligand-receptor interactions.
Endothelin receptors consist of two distinct domains for endothelin-ligand binding, namely, the ''message'' and ''address'' domains (Sakamoto, Yanagisawa, Sawamara, et al. 1993; Masaki et al. 1999) . Functional divergence after each genome duplication seems to be differentially associated with these domains. For post-1R divergence between EdnrA and EdnrB, four of the eight FD I sites are found in the message domain. This domain, consisting of TMs I-III, VII and the intervening loops, interacts with the C-terminus of the endothelin ligand and is involved in ligand-receptor binding and message transmission Sakamoto, Yanagisawa, Sawamara, et al. 1993) . Particularly, three of the FD I sites are found in TM II and the first extracellular loop ( fig. 7B ). This region also differs by an insertion of five amino acids into EdnrA compared with EdnrB and is particularly important for ligand-receptor binding (Orry and Wallace 2000) . One of the FD I sites is very close to a conserved Lys residue ( fig. 7B) , which has been shown to be essential for high affinity binding of Edns (Adachi et al. 1994a (Adachi et al. , 1994b . This suggests an important divergence between EdnrA and EdnrB in the message domain after their generation in 1R.
Post-2R divergence between EdnrB1 and EdnrB1, in contrast, is mainly concentrated in the second extracellular loop (five of six FD I sites), which is part of the address domain. The address domain consisting of TMs IV-VI and intervening loops binds to the variable amino terminus of endothelins and is important for ligand-receptor selectivity (Masaki et al. 1999) . Thus, functional divergence between EdnrB1 and EdnrB2 seems to have mainly changed their ligand selectivity. Consistently, EdnrB2 has very low affinity to sarafotoxins, which are highly selective EdnrB1 agonists (Lecoin et al. 1998) .
Post-FSGD divergence between EdnrB1a and EdnrB1b, finallyhas occurredinboththe address (four ofsevenFD I sites) as well as in the message domain (three of seven FD I sites).
We conclude that functional divergence after each round of genome duplication was concentrated on the modulation of different aspects of ligand-receptor interactions. With progressive expansion of the ligand repertoire, changing the ligand selectivity became predominant. The functional divergence analyses therefore suggest coevolution of the expanding endothelin receptor and ligand repertoires.
The Endothelin System and the Evolution of the Neural Crest As the endothelin core system is a vertebrate-specific innovation, it supports the ''new genes'' hypothesis of neural crest evolution. The origin of the endothelin system with one ligand-receptor pair seems to correlate with the emergence of the bona fide neural crest. But what has been the function of the endothelin system in the first place? Interestingly, even cnidarians and ciliate protozoans show physiological responses to endothelin treatment (Kohidai et al. 2001; Zhang et al. 2001) . Thus, the early vertebrate most likely was preadapted to perceive a signal from the newly generated endothelin by binding to a G protein-coupled receptor. Neofunctionalization of a duplicated GPCR from the Gpr37 or Bsr3 family specializing for Edn binding might have generated the first bona fide endothelin receptor.
In hydra, ectopic endothelin signals lead to muscle contractions (Zhang et al. 2001 ) that can be seen as analogy to smooth muscle contraction during endothelin-stimulated vasoconstriction in vertebrates (Masaki 2004) . Regulation of the cardiovascular system-which predates vertebrates (Schubert et al. 2006 )-therefore might have been the ancestral function of the endothelin system and its involvement in neural crest development evolved afterward. In this case, the endothelin system would also support the gene regulatory co-option model of neural crest evolution.
During the specification and development of the vertebrate neural crest and its derivatives, the endothelin system is required at different time points. In Xenopus, EdnrA is expressed during early neural crest induction in the prospective neural crest. Receiving Edn1 signals from the underlying mesoderm, EdnrA functions as a neural crest specifier and is required for neural crest maintenance (Bonano et al. 2008) .
In the following steps of development, the fate of neural crest cells is determined by their position along the anterior-posterior axis. The anterior, cephalic neural crest gives rise to the ectomesenchymal neural crest (ENC; skeletogenic fate), whereas the more posterior, somitic neural crest gives rise to the nonectomesenchymal neural crest (NENC; neuroglial fate including pigment cells) (Vickaryous and Hall 2006) .
In gnathostomes, Edn1/EdnrA signaling is required for the development of ENC derivatives, particularly for craniofacial structures such as the lower jaw (Miller et al. 2000; Pla and Larue 2003; Nair et al. 2007) . EdnrA is expressed by the migrating and/or differentiating cephalic neural crest cells, whereas Edn1 is produced by the ectoand endodermal components of the pharyngeal arches and the paraxial mesoderm (Pla and Larue 2003) . Edn3/ EdnrB signaling, in contrast, is necessary for the development of the NENC, in particular for enteric glia and pigment cells. In the somitic neural crest, expression of EdnrB genes is found during premigratory, migratory and differentiation stages and Edn3 is secreted in the ectoderm and in the gut mesenchyme (Pla and Larue 2003) .
During vertebrate evolution, the partitioning into ENC and NENC emerged before the origin of lampreys . As the endothelin system is required for the development of both of these neural crest groups, the first Edn/Ednr pair seems to have evolved its role in neural crest development in the very early vertebrate. The ancestral Ednr gene was then duplicated during 1R giving rise to EdnrA and EdnrB. Subsequently, subfunctionalization of expression along the anterior-posterior axis and, thus, with Evolution of the Endothelin Signaling System 795 respect to the neural crest fate seems to have occurred. The specialization of EdnrA for the anterior ENC and of EdnrB for the more posterior NENC was also associated with functional divergence between the two receptors in the message domain. In contrast, the 1R duplication of the ligand might have separated neural crest functions from other functions because only Edn1/3 but not Edn2/4 seem to have functions in neural crest development.
The 2R genome duplication then led to the formation of Edn1 and Edn3 and spatial subfunctionalization of them occurred subsequently. At this point, the spatial separation of the Edn1/EdrnA and the Edn3/EdnrB systems along the body axis (Pla and Larue 2003) , and thus, their functional specialization for ENC or NENC fates, respectively, was completed. Interestingly, our data suggest that contemporaneously expanding repertoires of ligands and their receptors do not necessarily have to follow a similar timing of functional specialization (Ednrs: post-1R, Edns: post-2R).
The 2R genome duplication also led to the formation of two EdnrB genes. This was associated with further specialization of posterior NC functions. Trunk neural crest cells migrate along two routes, the dorso-ventral and the dorsolateral pathways (Pla and Larue 2003) . In mice and zebrafish, which both have lost the EdnrB2 gene, EdnrB1 is expressed in NC cells of both pathways (Parichy et al. 2000; Pla and Larue 2003) . In birds, in contrast, EdnrB1 is expressed in the ventral pathway, and these NC cells give rise to the enteric neurons of the peripheral nervous system. NC cells of the dorso-lateral pathway giving rise to the pigment cells, however, express EdnrB2 (Lecoin et al. 1998; Pla et al. 2005) . Thus, the 2R duplication of EdnrB was followed by further subfunctionalization of spatial expression patterns as well as by changes in the address domain of the receptor.
EdnrB genes generally play an important role for the development of pigment cells (Karne et al. 1993; Lecoin et al. 1998; Parichy et al. 2000; Pla and Larue 2003) . The 2R genome duplication correlates with important pigment cell innovations such as the emergence of the yellow xanthophores (Mellgren and Johnson 2002; Braasch et al. 2008 ) and the duplication of EdnrB might have been an important contribution to this increase in pigment cell diversity in vertebrates.
The FSGD, finally, has resulted in the most diverse endothelin system in vertebrates as seen in teleost fishes. The ednrA paralogs in the zebrafish are expressed in overlapping domains in the cranial NC and have partially redundant roles for lower jaw formation (Nair et al. 2007 ). The double knockdown of both ednrA genes leads to a phenotype similar to the mutation in the single gene of their Edn1 ligand (Miller et al. 2000; Nair et al. 2007) suggesting that the two receptors have partially subdivided the ancestral jaw function without fundamental changes of ligand-receptor interactions. This is consistent with our analysis because we did not find evidence for functional divergence of the teleost EdnrA receptor proteins after the FSGD (supplementary table 4, Supplementary Material online).
The divergent fates of the edn3 and ednrB1 paralogs after the FSGD remain elusive. In zebrafish, loss of ednrB1a leads to defects in the adult pigment pattern, but the early larval pattern is unaffected. Furthermore, enteric neurons also do not seem to be affected like in mice (Parichy et al. 2000) . Therefore, Parichy et al. (2000) have proposed that these roles might be fulfilled by other ednrB paralogs. Our results now suggest that ednrB1b is the most likely candidate, as no ednrB2 gene seems to be available in zebrafish. Furthermore, the loss of ednrB2 might be responsible for the lack of the white leucophore pigment cells in the larval pigment pattern of zebrafish.
We have previously suggested that the FSGD has played an important role in the diversification of the pigmentary system in teleost fishes, which is the most complex among vertebrates (Braasch et al. , 2008 . The present study puts further evidence into this direction as the Edn3/ EdnrB1 system has been retained in two copies in teleosts after the FSGD.
In summary, the three rounds of vertebrate genome duplications resulted in progressive specializations in the expanding endothelin system and might have been associated with major innovations within the NC cell lineage.
Conclusions
The neural crest and its derivatives are key innovations of vertebrates. Many genes involved in neural-crest specification and development date back to the metazoan ancestor (Larroux et al. 2008 ), but others are vertebrate specific (Martinez-Morales et al. 2007 ). The endothelin system is such a vertebrate-specific signaling pathway, and its emergence in an early ancestor of all vertebrates might have been a key event in neural crest evolution. Around 20% of the vertebrate proteome is vertebrate specific, and genes emerging within vertebrates are predominantly singletons (Prachumwat and Li 2008) . In contrast, endothelin ligands and receptors have been preferentially retained after the three rounds of genome duplications in the early vertebrates and in ray-finned fishes. Other, more ancient components of the endothelin system like the endothelin-converting enzymes and the G protein-coupled receptors have larger gene families in vertebrates compared with invertebrates (Hyndman and Evans 2007; Zheng et al. 2007; Bland et al. 2008 ) putatively also as result of 1R/2R. This expansion has not only increased the complexity of the endothelin system but was also associated with further evolution of the neural crest and its derivatives. Our analysis of the endothelin system thus provides support for all three major models of neural crest evolution, namely, vertebrate-specific gene origin of major NC regulators, gene co-option for NC functions and gene family expansions during vertebrate genome duplications. Therefore, at the molecular level, the emergence and diversification of vertebrate neural crest has to be considered as a rewiring of gene regulatory networks that were supplemented by the integration of new components and expanded through WGDs. Future studies of neural crest-related gene families will have to integrate at the same time their specific functions, the phylogenetic timing of their appearance as well as their subsequent amplification during vertebrate WGDs.
Developmental and biochemical studies of the Ednrlike genes from amphioxus as well as the different Edn/ Ednr genes from agnathans and cartilaginous fishes will now be necessary to obtain a comprehensive view of the contribution of the endothelin system to neural crest 796 Braasch et al. evolution in vertebrates. Furthermore, it will be highly interesting to investigate putative correlations between the expansion of the endothelin system in the FSGD, differential reduction after duplication, and the diversity of jaw structures and pigmentation in teleost fishes (Mabuchi et al. 2007; Braasch et al. 2008; Salzburger 2008) .
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